Previous experiments combining the effects of exogenous oestrogens, tamoxifen (antioestrogen) and temperature have implicated oestrogens in the sexual differentiation of gonads in Emys orbicularis, a turtle species with temperature-dependent sex determination (TSD). This has now been extended by examining how two non-steroidal aromatase inhibitors, CGS 16949A and CGS 20267, affect gonadal differentiation in this species. In vitro, ovarian aromatase activity wis halved by CGS 16949A at 2.5 . 10-9 M and by CGS 20267 at 1 .
Introduction
Oestrogens are expected to be involved in the gonadal differentiation of reptiles with temperature-dependent Correspondence to: M. Dorizzi sex determination [6, 13, 20, 21, 221 . Injection of these hormones into eggs of lizards, crocodiles and turtles results in ovarian differentiation at masculinizing temperature [4, 19, 181. In embryos of E. orbicularis, the endogenous gonadal oestrogen level at the beginning of the thermosensitive period is higher in embryos incubated at a female-producing temperature of 30" C than in embryos incubated at a male-producing temperature of 25" C [lo] . Moreover, at 30" C, gonadiGe masculinized under the influence of tamoxifen, an antioestrogen binding to the oestrogen receptor [ 101. These results suggest that testicular cords or tubes can differentiate at a low oestrogen level, whereas their differentiation is inhibited and cortical development is stimulated at a higher oestrogen level.
A complementary approach demonstrating the involvement of oestrogens in ovarian differentiation would be to prevent the conversion of androgens to oestrogens by inhibiting aromatase cytochrome P450 activity. In E. orbicularis and Dermochelys coriacea, aromatase activity is very low in the undifferentiated gonads at the beginning of the thermosensitive period. Then, it increases exponentially in differentiating ovaries and decreases slightly around hatching, whereas in differentiating testes it remains very low up to hatching [7, 9] .
In a previous study we examined the effects of a steroidal and a nonsteroidal aromatase inhibitor on gonadal differentiation at 30" C in E. orbicularis. No masculinizing effect was obtained with the steroidal 1,4,6-androstatriene-3, 17-dione (ATD), and slight gonadal masculinization was obtained with the nonsteroidal aminoglutethimide (AG), but only at the highest doses [211.
In this study, we report the effects of two other nonsteroidal aromatase inhibitors, CGS 16949A [4-(5, 6, 7, 8-tetrahydro-imidazo-( 1, 5a)-pyridin-5-yl) benzonitrile monohydrochloride] and CGS 20267 [4, 4' -( 1 H-1, 2, 4-triazol-1 -yl-methy1ene)-bis-benzonitrile], on gonadal differentiation in E. orbicularis. These inhibitors were chosen because they have been shown to be much more potent than AG in inhibiting aromatase activity in 
Methods
Collection and incubation of eggs and staging of embryos. Gravid females of E. orbicularis were induced to oviposit by an intracoelomic injection of 5 IU oxytocin. The eggs were incubated as previously described [ 10, 181 at either 25" C (a 100% male-producing temperature) or at 30" C (a 100% female-producing temperature). Staging of embryos was according to developmental stages described in Chelydra serpentina [19, Determination of the lC5# of aromatase inhibitors on turtle gonads. Aromatase inhibitors CGS 16949A and CGS 20267 were purchased from Ciba Geigy (Basel, Switzerland). Before examining the in vivo effects of these two inhibitors on gonadal differentiation, we determined the concentration of inhibitor which would inhibit enzyme activity by 50% (ICs0), in vitro.
Ovaries of E. orbicularis embryos incubated at 30" C were removed at stage 25, when aromatase activity is close to the maximum [7] . They were placed in cold medium (RPMI 1640, N42-hydroxyethyl] piperazine-N-[2-ethane-sulfonic acid] HEPES buffer) until incubation. For each inhibition measurement, four embryos were used. Four gonads, one (either right or left) from each embryo, were pooled as control without inhibitor and the others were pooled to assay the aromatase inhibitor. The incubation medium was RPMI containing 0.5 w [ lp-3H] androstenedione (27.5 Ci/mmol, New England Nuclear) as substrate. CGS 16949A being hydrosoluble was directly added to this medium at final concentrations of 1 10-7 M, 3. I 0-8 M, 5.10-9 M and 1.10-9 M. As CGS 20267 is not hydrosoluble, it was first dissolved in ethanol and then added to the incubation medium. The final concentration of ethanol was 0.5% and the concentrations of inhibitor were 1.10-7M, 1.10-8M, 1.10-9kand7.10-'0M. Controls were alsoin a final concentration of 0.5% ethanol. All pools of gonads were incubated for 4.5 h at 36" C in a total volume of 0.4 ml medium.
At the end of the incubation, radioactivity corresponding to [3H]
water released from the Ip-position of the substrate [ I ] was measured in the medium after steroid extraction by chloroform followed by dextran-charcoal adsorption.
Under these conditions, CGS 16949A and CGS 20267 inhibited ovarian aromatase activity in E. orbicularis with respective 1C5,sof2.5~10-9Mand 1.10-9M.
Ammatase inhibitor treatments.
Experimental protocols for inhibitor administration are shown in Table 1 . Each aromatase inhibitor Table I) . Therefore in further experiments the inhibitors were applied onto the eggshell [6] . Five microliters of ethanolic solutions of CGS 16949A or CGS 20267 were deposited on the upper part of the egg, near the embryo, in a region showing obvious vascularization. Repeated applications were made on the same region. For control embryos, 5 pI ethanol alone was deposited. As shown in series V, VI, VII and VIII, even with four applications of 20pg either inhibitor, survival of the embryos was almost 100%.
Histology of gonads. Treated and control embryos were sacrificed between stages 24 and 26 (hatching). The genital system was dissected and examined under a dissecting microscope and fixed in Bouin's solution. One gonad and the associated mesonephros, Wolffian duct and Miillerian duct of each embryo were then processed for histological study. After dehydration, they were embedded in paraffin, serially sectioned at 7.5 pm and stained with hematoxylin and eosin.
Results
Incubation at 25" C (male-producing temperature). Neither aromatase inhibitor CGS 16949A nor CGS 20267, applied onto the eggshell or injected into the eggs, affected the sexual differentiation of gonads at 25" C . As in controls, gonads of treated embryos were typical testes with testicular cords or tubes and vestiges of the germinal epithelium (not shown).
Incubation at 30" C Cfemale-producing temperature). At stage 15, in E. orbicularis, gonads were undifferentiated. They presented epithelial cords (the so-called "sex cords") in the inner part (medulla) and were covered by the germinal epithelium, 15-20pm thick, which contained germ cells [ 18,201. In control ovaries, the sex cords had regressed, whereas the germinal epithelium had been transformed into a cortex by the multiplication in situ of germ cells and their entrance in meiosis (Figs. 1A and 2A) .
In control testes, sex cords had been transformed into testicular cords or tubes which enclosed germ cells, whereas the germinal epithelium had regressed or was vestigial (Fig. 4A) .
The two aromatase inhibitors had masculinizing effects on the sexual differentiation of gonads at 30" C (see Fig. 1 for CGS 16949A and Figs. 2-4 for CGS 20267). However, they induced different degrees of masculinization in different individuals.
In some individuals, the gonads examined under a dissecting microscope apparently had the morphology of ovaries but were somewhat more voluminous. Histological examination of these gonads showed that medulla contained thin epithelial cords, lacunar cords or lacunae bordered by a flat epithelium (Figs. lB, 2B, C) . The epithelium of lacunae was thinner than that of typical testicular cords or tubes. Some germ cells were enclosed. in (Figs. 1B and 2B ) or appeared to be free in the lumen of the largest lacunae where sections were tangential to the bottom of these lacunae (Fig. 2C, D) . These germ cells had not entered meiosis. The structure of gonadal cortex was very similar to that in control ovaries (compare Fig. 2B and C with A) . It covered the greatest part of gonads and contrary to medullary lacunae contained many germ cells in meiotic prophase. We consider that these gonads were slightly or moderately masculinized.
In other individuals, at dissection the gonads appeared shorter and often wider than in control ovaries. Histological examination showed a medulla with wide cords or tubes bordered by an epithelium of Sertolian type (Figs. lC, 3A, B, 4B ). This epithelium was thicker than that of medullary lacunae of the slightly masculinized gonads, except in dorsal regions of the tubes (lacunar tubes, Fig. 3A) in some embryos. In these gonads, cords or tubes were thus similar to testicular cords or to the eggshell, the medulla is very large and contains wide lacunar tubes (It) or typical testkular tubes (tt), theepithelium of which encloses many germ cells; the cortex is slightly smaller than in an ovary and does not cover the entire gonad. B After four applications of 0.5 pg CGS 20267, the gonad contains wide and ramified testicular tubes (tt) in the medulla and is covered ventrally by an ovarianlike cortex; bar; 50 pm Fig. 4A-B . Transverse sections through gonads of E. orbicularis hatchlings illustrate sex-reversal of gonadal structure by the aromatase inhibitor CGS 20267 at the feminizing temperature of 30" C. A Control, incubation at 25" C; the gonad is a typical testis with testicular cords or tubes (tt) and only vestiges of germinal epithelium (vge). B After three applications of 2 pg CGS 20267 to the eggshell, the gonad incubated at 30" C is also a testis with testicular tubes (tt) similar to those obtained at 25" C. The germinal epithelium (ge) forms only a thin cortex adage; bur; 50 pm Table 2 . Masculinizing effects of nonsteroidal aromatase orbiculuris. These results concern only the experimental series VI inhibitors CGS 16949A and CGS 20267 on gonadal and VIII, in which the inhibitors were dissolved in ethanol and differentiation at a female-producing temperature (30" C) in E.
applied to the eggshell (see Table 1 tubes. In some cases, an ovarian-like cortex with germ cells in meiotic prophase covered the ventral and ventrolateral parts of the gonads, but did not extend on the latero-dorsal parts, due to the significant development of testicular cords or tubes in the medulla. These gonads were ovotestes (Figs. lC, 3A, B) . In other cases, the germinal epithelium had been maintained but had not been transformed into an ovarian-like cortex. The structure of these gonads is very like that of control testes (Fig. 4B,  compare with A) . We consider that embryos with ovotestes and testes are strongly masculinized. In all individuals with slightly or moderately masculinized gonads and some individuals with ovotestes or testes, Mullerian ducts were complete and presented the same structure as in control females. In other individuals with ovotestes or testes, Mullerian ducts had begun to regress.
The comparison of the number of individuals with ovotestes or testes after application of either inhibitor onto the eggshell shows that CGS 20267 was more potent than CGS 16949A in masculinizing gonads at 30" C . Out of a total of 34 living embryos treated by CGS 20267, 12 (35%) were strongly masculinized. They had ovotestes or testes. Out of a total of 33 living embryos treated by CGS 16949A, only one individual had ovotestes ( Table 2 ). In the 7 surviving embryos from eggs injected with this inhibitor gonads were slightly or moderately masculinized.
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Discussion
Both aromatase inhibitors, CGS 16949A and CGS 20267, induced the masculinization of gonads in embryos of the turtle E. orbiculuris incubated at a female-producing temperature. Treatment with these inhibitors did not result in an "all-or-none" response but in different degrees of gonadal masculinization. According to the structure of the gonads, especially the medulla, the embryos could be considered slightly, moderately or strongly masculinized. In gonads of slightly or moderately masculinized embryos, the medulla had thin epithelial cords andor lacunar cords or lacunae bordered by a flat epithelium, and the cortex had an ovarian-like structure. In gonads of strongly masculinized embryos, the medulla displayed typical testicular cords or tubes, with an epithelium of Sertolian type, and an ovarian-like cortex was present but did not cover the whole of the gonads (ovotestes) or was not formed (testes). The fact that in some individuals, the Mullerian ducts had begun to regress is evidence that the gonads really functioned as testes. In normal incubations at 30" C , the occurrence of epithelial cords or lacunae in differentiated ovaries was exceptional and ovotestes or testes were newxbserved among several thousands of embryos examined.
CGS 20267 was more efficient than CGS 16949A in inhibiting aromatase activity in vitro and in masculinizing gonads in vivo: 12 of the 34 living individuals treated with CGS 20267, but only 1 of the 40 living individuals treated with CGS 16949A, presented ovotestes or testes.
The various degrees of gonadal masculinization probably reflect the different levels of gonadal aromatase inhibition and subsequent oestrogen levels [9] . Indeed, after shifting eggs of E. orbiculuris from a maleproducing temperature to a female-producing temperature or vice versa, the changes induced in gonadal aromatase activity are correlated with changes in gonadal structure [8] . Moreover, in embryos incubated at 28.5" C , an intermediate temperature producing phenotypic males, phenotypic females and intersexes, the aromatase activity in ovotestes was about twice that in typical testes but drastically less than in ovaries (G. Desvages, N. Richard-Mercier, M. Girondot and C . Pieau, manuscript in preparation). With aromatase inhibitor treatment, slight or moderate inhibition of the aromatase activity resulted in oestrogen levels lower than in typical ovaries, allowing the maintenance of both cortex and medullary epithelial cords; these cords evolved into lacunae but not into typical testicular cords. Strong inhibition of the aromatase activity decreased oestrogen production to levels, close to those in typical testes (thus allowing differentiation of testicular cords or tubes), either still sufficient (differentiation of ovotestes) or insufficient (differentiation of testes) for the development of an ovarian-like cortex.
The effects of aromatase inhibitors on gonadal differentiation in vivo and on aromatase activity in vitro have been examined in other species of reptiles with temperature-dependent sex determination. In the turtle Truchemys scriptu, ATD has no effect at female-producing temperature but is feminizing at male-producing temperature [28] . In A. mississipiensis, AG and CGS 16949A disrupt ovarian development but do not induce the development of testicular cords [ 151. In Crocodylus porosus, aromatase activity has been measured in the gonad-adrenal-mesonephric complex (GAM). Gonadal aromatase activity represents approximately 85% of the total activity in this complex. It strongly increases during ovarian differentiation at female-producing temperature. AG and 4-hydroxyandrostenedione significantly reduce aromatase activity in vitro in GAMs of female hatchlings, but their effects on gonadal differentiation have not been studied [23] .
In birds, aromatase inhibitors, chiefly CGS 16949A, induce complete or partial sex-reversal of genotypic female chickens [ l l , 271. A male adult phenotype with testes undergoing spermatogenesis can be obtained after early treatment of embryos with CGS 16949A [ll] . However, as in E. orbiculuris, besides complete differentiation of testes, incomplete gonadal masculinization also occurs [27] .
In chickens, masculinization of females also results from various types of embryonic grafts into hosts whose gonads are still undifferentiated. The host gonads become atrophic testes when differentiated testes are grafted. This masculinizing effect may be mediated by the anti-Mullerian hormone (AMH) produced by the graft. However, it is suppressed by addition of oestradiol [24] .
In mammals, the involvement of AMH in the sexual differentiation of gonads has been investigated in transgenic female mice producing AMH at levels which cause Mullerian duct regression. At birth, ovaries depleted of germ cells are present, and in adults no gonad is found [2] . Conversely, in human males with persistent Mullerian duct syndrome, gonads are composed of testicular tissues [5, 141. These observations do not accord with AMH being a testis-inducer. However, AMH may participate in sexual development through aromatase regulation since AMH inhibits aromatase synthesis in vitro [26] . Both AMH and aromatase synthesis may be affected by the testis determining factor, the product of the SRY gene in mammals. The protein SRY binds in vitro in the promoter regions of the human AMH and aromatase genes to a DNA motif similar but not identical to the SRY consensus DNA sequence [ 121. In males, the regulation of these genes could correspond to a negative control of sex determination, SRY activating the transcription of the AMH gene and/or repressing the transcription of the aromatase gene [20] . A model including such a negative regulation for mammalian sex determination has been proposed [16, 171. In this model, the testis determining factor SRY represses the transcription of an autosomal Z gene, whose product inhibits male sex determination. Conversely, in females, Z is active and the male program is blocked. Mutations inactivating Z may allow the differentiation of testes in males devoid of the SRY sequence.
The aromatase gene could be a good candidate for the expected 2 gene, since in reptiles and birds its activation gives rise to female differentiation and its inactivation to male differentiation.
